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Description 

The field of the Invention is the control of anode 
current in an x-ray tube and. particularly, the precise 
control of anode current in an x-ray tube of the type 
used in CT scanners. 

As shown in Fig. 1. an x-ray rube 10 Includes a 
thermionic filament 11 and an anode 12 which are 
contained in an evacuated envelope 1 3. An ac current 
!c of 2-6.5 amps Is applied to the filament 11 causing 
it to heat up and <?init electrons. A high tic voltage of 
from 50 to 150 kilovails is applied between the fila- 
ment 11 and the anode 12 to accelerate the emitted 
electrons and cause them to strike the target material 
on the anode 1 2 at high velocity. X-ray energy indicat- 
ed by dashed line 14 is emitted as a result. 

The amount of x-ray energy which is produced is 
determined by the high voltage level and the amount 
of tube current I r which f lows between the filament 1 1 
and the anode 12. The hign voltage is set to a selected 
value and the high voltage power supplies 15 and 16 
maintain that value during the entire scan. The tube 
current l T is controlled by cent rolling the amount of fi- 
lament current l c , and this in turn is controlled by the 
ac voltage oroduced at the secondary winding of a fi- 
lament transformer 17. The relationship between 
tube current l r and applied filament current is nonli- 
near and is typically exponential. 

In a CT scanner, it is common practice to change 
the filament current between scans in order to 
change the level of x-ray production. Consequently, 
the filament current control circuit must be capable of 
rapidly bringing the filament current to a level which 
results In the desired x-ray tube current l T before each 
scan is begun. 

In CT scanning, a high degree of precision is re- 
quired In the amount of x-rays oroduced since the at- 
tenuation data is sequentially obtained during the en- 
tire scan procedure and the method employed to re- 
construct an image from this acquired data presumes 
that the x-ray energy remains constant during the en- 
tire scan. This requires I hat tube current l r be very 
precisely controlled. 

Referring still to Fig. 1. these requirements are 
met by filament current control systems which oper- 
ate in an open loop mode during the preheating of the 
filament and a closed loop mode when x-rays are pro- 
duced and tube current l T is to be precisely controlled. 
During the open loop mode of operation, a preheat 
current command is applied to the input of a digital- 
to-analog (D/A) converter 20 by a digital control sys- 
tem (not shown). The resulting analog preheat current 
command is amplified by amplifier 21 which also lim- 
its the magnitude of the command to a safe level, and 
the resulting signal is input to a filament driver 22. The 
filament dnver 22 produces an ac output voltage that 
is applied to the primary of the filament transformer 
17 and which produces the commanded filament cur- 



rent Ip. A filament current feedback signal produced 
by a current sensor attached to the primary or sec- 
ondary of the filament transformer 17 is fed back 
through line 23 to force the filament current l P to the 
5 desired level by closed loop control action. 

A short time interval later the high voltage is 
turned on to produce x-rays, and the current control 
system is switched to Its closed loop mode of opera- 
tion. This is accomplished by closing an analog switch 
w 23 with a command signal from the digital control sys- 
tem through line 26. This applies a feedback signal to 
a summing point 27 at the inout of amplifier 21 that 
adds to the preheat current command and adjusts the 
filament current l r to a point which produces the de- 
fa sired x-ray tuna current l r . 

The tube current lr is measured by a resistor 30 
which ; s connected in series with the high voltage 
power supplies 15 and 16 and which is connected 
across the inputs of an operational amplifier 31 . In a 
20 high performance system, this tube current feedback 
signal is summed with a tube current command signal 
at an error amplifier 32 and the difference, or error, 
signal is applied to the input of a variable gain ampli- 
fier 33. The tube current command is :ypicaily issued 
25 in digital form by the digital control system and is con- 
verted :o an analog command signal by Of A converter 
3*. The tube current command signal is the value 
which determines the amount of x-rays that are to be 
produced during the scan at the selected high voltage 
30 levei. The resulting feedback signal produced by am- 
plifier 33 forces the actual tube current l T to equal the 
tube -current command by controlling the filament cur- 
rent l F through feedback control action at the sum- 
ming point 27. 

35 To maintain steady state accuracy and the de- 
sired transient response, the overall gain and phase 
of the tube current feedback loop should be main- 
tained constant over the entire operating range, wtiich 
may be from under 10milliamceres to over 1,000 mil- 

40 liamceres in a CT x-ray tube. However, it is well 
known that the transfer function of the x-ray tube, de- 
fined as the incremental change in tube current l r 
caused by an incremental change in filament current 
Ip, is dependent on the level of the tube current l T . As 

43 a result, to achieve high performance throughout its 
operating range prior current control systems include 
the variable gain amplifier 33 in the tube currentfeed- 
back loop to compensate for the variability of the tube 
transfer function to obtain roughly constant loop gain. 

so That is, each time the tube current command is 
changed, a gain command is also applied to the vari- 
able gain amplifier 33 through line 35 to adjust the 
loop gain, and to thereby accommodate the different 
x-ray tube transfer function brought about by the dif- 

55 ferent tube currently Ifthelcoo gain is notmaintained 
at a relatively constant level, the control system is in- 
accurate and responds poorly at low tube current lev- 
els and may be unstable at high tube current levels. 
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US-A-4.775,992 discloses a current control sys- 
tem for an x-ray tube having a filament driver which 
supplies current to the x-ray tube filament in re- 
sponse to a preheat command signal, means for pro- 
ducing a tube current feedback signal which indicates 5 
the amount of current flowing between the filament 
and the anode of the x-ray tube, and means for sup- 
plying the filament command signal to the filament 
drive. Nevertheless, further improvements in current 
control systems are desirable. w 

SUMMARY OF THE INVENTION 

The present invention provides a current control 
system for an x-ray tube having a filament drive which ts 
supplies current to the x-^ay filament in response to 
a preheat command signal, means for croducing a 
tube current feedback signal which indicates the 
amount of current flowing between the filament and 
the anode of the x-ray tube, and means for supplying zo 
the filament command signal to the filament drive, 
characterized by means for producing a command 
signal which is proportional to the reciprocal of a tube 
current command; multiplying means for multiplying 
the tube current feedback signal by the command sig- 25 
nal to produce a factored tube current feedback sig- 
nal; subtraction means for subtracting the factored 
tube current feedback signal from a reference signal 
to produce a tube current error signal; and summing 
means for combining the preheat command signal 30 
with the tube current error signal to produce a fila- 
ment command signal to control the tube filament 
temperature and cause the tube current to attain a 
value Indicated by the tube current command. 

The present Invention is an improvement in the 35 
current control system for an x-ray tube. In the em- 
bodiment to be described, a tube current feedback 
loop which maintains substantially constant loop gain 
over wide range of x-ray tube currents, includes: a 
multiplying D/A converter which receives a feedback 40 
signal at a reference input that is proportional to x-ray 
tube current It, that receives a digital input that is pro- 
portional to t he reciprocal of a tube current command, 
and which generates an output signal that is propor- 
tional to the product of the two input signals; and an 45 
error amplifier which couples the output signal from 
the multiplying D/A converter to a summing point at 
which it is combined with a preheat current command 
signal to control the x-ray tube filament current. 

Such an arrangement can maintain a relatively so 
constant loop gain for the tube current feedback looo. 
Loop gain is automatically independent of tube cur- 
rent l T , since the gain of the multiplying D/A converter 
is proportional to the digital input signal that is the re- 
ciprocal of commanded tube current. Thus, the in- 55 
crease in loop gain which occurs at higher tube cur- 
rents l T is substantially offset by the corresponding 
lower gain of the multiplying D/A converter. Moreover 



the arrangement reduces the complexity of the cur- 
rent control system. The multiplying D/A converter 
performs the dual function of inserting the digital tub© 
current command into the tube current feedback loop 
and adjusting loop gain as a function of tude current. 
As a result, separate D/A converter and variable gain 
amplifier circuits are not required. 

Objectives of the Invention, and the foregoing 
and other advantages obtainable with embodiments 
thereof .will appear from the following description giv- 
en with reference to the accompanying drawings, in 
which there is shown by way of illustration a preferred 
embodiment of the invention. Such embodiment does 
not necessarily represent trm full scope of the inven- 
tion, however, for which reference should be made to 
the appended claims. 

In the accompanying drawings; 

Fig. 1 is a block diagram of a prior art x-ray tube 

current control system; 

Fig. 2 is a block aiagram of a preferred embodi- 
ment of an x-ray tube current control system 
which incorporates the present invention: and 
Fig. 3 is an electrical schematic diagram of por- 
tions of the 9ystem of Fiq. 2. 
Referring particularly to Fig. 2. many of the ele- 
ments of the current control system of Fig. 1 are em- 
ployed in the preferred embodiment of the invention. 
These have been marked with the same reference 
numbers and include the open loop elements com- 
prising the D/A converter 20. the summing point 27, 
the analog switch 25, the amplifier and limiter 21. the 
filament driver 22, and the filament transformer 17. 
Circuitry for these elements is described in U.S. Pa- 
tent No. 4,322.625 entitled "Electron Emission Reg- 
ulator For An X-Ray Tube Filament" and assigned to 
the assignee of the present invention. The x-ray tube 
10 is exemplified by that described in U.S. Patent No. 
4.187.442 entitled "Rotating Anode X-Ray Tube With 
Improved Thermai Capacity" althougn there are 
many types of x-ray tubes which can be used with the 
present invention. 

Similarly, the high voltage supplies 15 and 16are 
well known to the art and may be constructed as de- 
scribed in U.S. Patent Nos. 4,504,895 and 4.477,868 
and controlled by a digital control system as descri- 
bed in U.S. Patent No. 4.596.029. 

The present invention is an improvement to the 
current control system of Fig. 1 in which the elements 
of the tube current feedback loop have been 
changed. Referring to Fig. 2. the improved feedback 
loop includes an amplifier 50 which has its inputs 
connected across a resistor 30 to sense the magni- 
tude of x-ray tube current l r . As tube current l T in- 
creases, the voltage drop across resistor 30 increas- 
es and the voltage, or tube current feedback signal, 
applied to amplifier 50 increases. 

The output of amplifier 50 is applied to the refer- 
ence input of a multiplying D/A converter 51 which 
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also receives as an input a 12-bit digital number 
through bus 52. This 12-bit digital number is produced 
by a digital controller 53 and it is proportional to the 
reciprocal of the tube current command. The analog 
output 58 of the multiplying D/A converter 51 is ap« s 
plied to the input of subtracter 59 where it is subtract- 
ed from a positive fixed reference signal on line 55. 
The resulting tube current error signal Is amplified as 
at 54 and is output through line 56 to the analog switch 
25. 10 

At the beginning of each scan, the digital control 
system 53 issues a 12-bit preheat current command 
to the D/A converter 20. This causes current to be ap- 
plied to the x-ray tube filament 11 for a few seconds 
and brings it up to operating temperature. High vol- is 
tage is then applied to the x-ray tube 10 by the sup- 
plies 15 and 16 and 5 to 10 milliseconds thereafter, 
the digital control system 53 issues a dose loop com- 
mand through control line 26 which closes the analog 
switch 25. 20 

The digital control system 53 also calculates the 
12-bit binary number that is to be output to the multi- 
plying D/A converter 51. This is accomplished by div- 
iding the desired, or commanded, x-ray tube current 
number into a normalization constant and outputting 25 
the result on the bus 52. The tube current feedback 
signal frcm amplifier 50 is multiplied by this 12-bit bi- 
nary number which is the reciprocal of the tube cur- 
rent command, and the resulting output from Of Acon- 
verter 51 is a current feedback signal which has been JO 
scaled by a factor which is inversely proportional tox- 
ray tube current. This scaling factor substantially off- 
sets the increase in tube current feedback loop gain 
which occurs as a result of an increase In x-ray tube 
current l T . Thus, the loop gain remains substantially 35 
constant regardless of the value of the tube current 
command and the consequent value of the x-ray tube 
current l T . 

The factored tube current feedback signal is sub- 
tracted from the fixed reference at error amplifier 54 *o 
and the resulting tube current error signal is coupled 
through the analog switch 25 to provide the desired 
feedback control action at summing point 27. 

In addition to controlling loop gain, the factoring 
of the tube current feedback signal by the multiplying 43 
D/A51 also maintains the voltage levels applied to the 
error amplifier 54 within a relatively small range over 
the entire operating range of the x-ray tube. In other 
words, at very low x-ray tube current levels the output 
of the multiplying D/A converter 51 is substantially the so 
same as the output when the x-ray tube is operated 
at very high cunrent levels. This significantly reduces 
the offset voltage requirements of the error amplifier 
54 with a consequent reduction in its cost. 

A more detailed circuit diagram of the tube cur- 55 
rent feedback loop elements is shown in Fig. 3. The 
operational amplifiers are model nos. OP27 (amp 50) 
and OP07 (amps 51. 54, and 20) manufactured by 



Precision Monoiithics, Inc. and described in PMI Da- 
tabook. published in 1986 by Precision Monoiittilca. 
Inc. Tne multiply in g O/A converters are model no. 
AD7541A manufactured by Analog Devices and de- 
scribed in Analog Devices Data Conversion Hand- 
book, published in 1988 by Analog Devices, Inc. The 
analog switch 25 is a model no. DG303A manufac- 
tured by Slllcontx. Inc. and described in Integrated 
Circuits Databook, published in 1988 bySiliconix, Inc. 

It should be apparent that many variations are 
possible from the preferred embodiment. For exam- 
ple, the preheat current command may represent fi- 
lament voltage, and the filament driver 22 may pro- 
duce the corresponding voitage. The feedback of fi- 
lament current or voltage may be derived from either 
the primary or secondary winding of transformer 17, 
and this feedback may include rate of change of the 
controlled filament parameter in order to implement 
derivative control or lead compensation and to there- 
by provide damping of the filament control loop. An 
offset may also be added to the filament current com- 
mand to compensate for the well known space charge 
characteristic of x-ray tubes, whereby the filament 
heating must be increased as applied high voltage is 
reduced in order to maintain constant tube current l T . 



Claims 

1. A current control system for an x-ray tube (10) J 
having a filament driver (22) which supplies cur- 
rent to the x-ray tube filament (11) in response to 

a preheat command signal (60), means (30) for 
producing a tube current feedback signal (57) 
which indicates the amount of currant flowing be- 
tween the filament and the anode (12) of the x- 
ray tube, and means (20. 21 ) for supplying the fi- 
lament command signal to the filament drive, 
characterized by: 

means (53) for producing a tube current 
command signal (52) which is proportional to the 
reciprocal of a tube current command: 

multiplying means (51) for multiplying the 
tube current feed back signal (57) by the tube cur- 
rent command signal (52) to produce a factored 
tube current feedback signal (58); 

subtraction means (59) for subtracting the 
factored tube current feedback signal (58) from a 
reference signal (55) to produce a tube current er- 
ror signal (56); and 

summing means (27) for combining the 
preheat command signal (60) with the tube cur- 
rent error signal (56) to produce a filament com- 
mand signal to control the tube filament temper- 
ature and cause the tube current to attain a value 
indicated by the tube current command. 

2. The system of claim 1 wherein the multiplying 
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means is a multiplying digitaMo analog converter 
(51) and the command signal (52) is a multi-bit 
digital signal. 

3. The system of claim 2 wherein the output of the 
multiplying digital-to-analog converter (51) is an 
analog signal (58) which is subtracted from the 
reference signal (55) to produce the tube current 
error signal (56). 

4. The system according to any o! the preceding 
claims wherein the summing means (27) includes 
an analog switch (25) that is operabie to combine 
the tube current error signal (56) with the preheat 
command signal (60) at a time interval after the 
application of the preheat command signal. 



Patentanspruche 

1. Stromregeleinrichtung fur eine Rfintgenrchre 
(10) mit einem Gluhfadentreiber (23). der dem 
Rontgenrohren-Quhfaden (11) Strcm zufuhrtbei 
einem VorheizSoliwert signal (60), mit einer Ein- 
richtung (30) zum Erzeugen eines Rbhrenstrom- 
Ruckfuhrungssignals (57), das die Grode des 
Stromsangibt, derzwischen dem Gluhfaden und 
der Anode (12) der Rontgenrohre fliefJt. und mit 
einer Einrichtung (20, 21) zum Zufuhren des 
Gluhfaden-Sollwertsignals zu dem Gluhfaden- 
treiber, gekennzeichnet durch: 

sine Einrichtung (53) zum Erzeugen eines 
Rohrenstrom-Scilwertsignals (52), das propor- 
tional zu dem Kehrwert des Rontgenstrom-Soll- 
wertes 1st 

eine Multipliziereinrichtung (51) zum Mul- 
tlpllzieren des Rfihrenstrom-RuckfOhrungssi- 
gnals (57) mit dem Rontgenstrom-Sollwert signal 
(52), um ein mit einem Faktor versehenes Rcnt- 
genstrom-Ruckfuhrungssignal (53) zu erzeugen, 

eine Subtrahiereinrichtung (59) zum Sub- 
trahieren des mit einem Faktor versehenen Roh- 
renstrom-Ruckfuhrungssignals (58) von einem 
Referenzsignal (55), um ein Rohrenstram-Feh- 
lersignal (56) zu erzeugen. und 

eine Summiereinrichtung (27) zum Ver- 
knupfen des Vorheiz-Sollwert signals (60) mit 
dem Rohrenstrom-Fehlersignal (56), um ein 
Gluhfaden-Sollwertsignal zu erzeugen, um die 
Rohrengluhfad en tempera tur zu steuern und da- 
mit der Rohrenstrom einen Wert annimmt, der 
durch das Rohrenstrom- Soil we rtsignal angege- 
ben ist 

2. Einrichtung nach Anspruch 1. wobei die Multipli- 
ziereinrichtung ein multtplizierender Digital/ Ana- 
log-Wandler (51) ist und das Sollwertsignal (52) 
ein Vielbit-Digitalsignai ist. 



3. Einrichtung nach Anspruch 2. wobei die Aus- 
gangsgrode des multlpiizlerenden Dlgital/Ana- 
log-Wandlers (51) ein Analogsignal (58) ist, das 
von dem Referenzsignal (55) subtrahrertwird, um 

5 das Rohrenstrcrnfehlersignal (56) zu erzeugen, 

4, Einrichtung nach einem der vorstehenden An- 
sprGche, wobei die Summiereinrichtung (27) ei- 
nen Analcgschalter (25) aufweist, der betatigbar 

to 1st, um das RQhrenstrom-Fehlersignai (56) mrt 
dem Vorheiz-Sollwert signal (80) bet einem Zeit- 
intervall nach dem Anlegen des Vorheiz- 
Befehlssignals zu verkniipfen, 

rs 

Revindications 

1. Systeme de regiage de courant pour un tube a 
rayons X (10) comportant un circuit (22) d'excita- 

10 tion de filament qui alimente en courant le fila- 
ment (11) du tube a rayons X en reponse a un si- 
gnal (60) de commande de prechauffage, un 
moyen (20) pour oroduire un signal (57) de 
cont re-reaction de courant qui indicue ia quantite 

25 de courant circuiant entre le filament et I'anode 
(12) du tube a rayons X. et des moyens (20, 21) 
pour fcunir le signal de commande de filament 
au circuit c'excitation de filament: 
caracterise par 

30 un moyen (53) pour produire un 3ignal (52) 

de commande de courant de tube qui est propor- 
tional a Tinverse d'une commande de courant 

un moyen de multiplication (51) pour mul- 
tiplier le signal (57) de contre-reaction de courant 

35 de tube par le signal (52) de commande de cou- 
rant de tube de maniere a produire un signal de 
contre-reaction multiplie (58) de courant de tube; 

un moyen de soustractlon (59) poursous- 
traire Is signal de contre-reaction multiplie (58) 

40 de courant de tube d'un signal de reference (55) 
de manure a produire un signal (56) d'erreurde 
courant: et 

un moyen de summation (27) pour combi- 
ner le signal (60) de commande de prechauffage 
43 avec le signal (56) d'erreur de courant de tube de 

maniere a produire un signal de commande de f i* 
lament pcur regler la temperature du filament du 
tube et amener le courant du tube a atteindre une 
valeur indiquee par la commande de courant 

50 

2. Systeme selon la revendication 1 , dans lequel le 
moyen de multiplication est un convertisseur de 
multiplication numerique-anaJogique et le signal 
de commande (52) est un signal numerique multi- 

55 bits. 

3. Systeme selon la revendication 2, dans lequel ia 
sortie du convertisseur de multiplication mimeri- 
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que-anaiogique (61) eat un signal anaJogfque 
(53) qui est soustraft du signal de reference (65) 
pour produlre la signal (56) d'arreur da courant; 

Systems salon l\me quelconque des rsvendica- 5 
tion9 prec6dentes dans (equal te may en de scm- 
matlon (27) comprend un commutateur analogl- 
qua (25) qui peut fonctfonner de manlere a combl- 
ner fe signal (56) d'erreur da courant de tube avec 
le signal (60) de commande de prechauffage w 
apres un intervaRe de temps fatsant suite a ('ap- 
plication du signal de commande de prechauffa- 
ge. 
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